We report a systematic lattice dynamics study of the technologically important Fe 3 Si/GaAs heterostructure for Fe 3 Si layer thicknesses of 3, 6, 8, and 36 monolayers. The Fe-partial phonon density of states obtained by nuclear inelastic scattering exhibits up to a twofold enhancement of the low-energy phonon states compared to the bulk material for layer thicknesses of 8 monolayers and below. First-principles calculations explain the observed effect by interface-specific phonon states originating from the significantly reduced atomic force constants and allow for achieving a comprehensive understanding of the lattice dynamics of epitaxial strain-free interfaces.
The contact area between two dissimilar materials is very often a source of new physical phenomena that govern many modern technologies such as opto-and nanoelectronics [1] , photovoltaics [2] , and magnetic recording [3, 4] , which influence remarkably our everyday life. Unlike the electronic and magnetic properties that have extensively been investigated and well understood, the propagation of thermal lattice excitations (phonons) along and across epitaxial interfaces remains poorly understood despite decades of research. The importance of the lattice dynamics of lattice-matched interfaces arises from the fact that it is intimately related to physical phenomena such as nanoscale thermal transport [5] and phonon filtering [6] , which are fundamentally important for waste heat harvesting [7, 8] , thermal management in nanoelectronics [9, 10] , and are the basis for the development of new logic devices operating at THz frequencies [11] [12] [13] . Furthermore, via electron-phonon [14] and magnon-phonon [15] interactions the lattice dynamics influences many physical properties, thereby offering the opportunity for their manipulation [16] .
Interface-specific vibrational phenomena such as phonon folding [17] [18] [19] , localized vibrational modes [20] , coherent phonon heat conduction [21] , crossover from incoherent to coherent phonon scattering [22] , and enhanced thermal conductivity [23, 24] have experimentally been observed and theoretically studied. Yet, a comprehensive understanding of the lattice dynamics at the atomistic level even in the simplest case of a perfectly matched interface between dissimilar materials, leading, for example, to the Kapitza resistance [25, 26] , is still missing. Recent progress in theory made calculations of the phonon density of states (PDOS) of interface atoms possible and allowed for the identification of the vibrational modes responsible for heat transfer across the interface [27] [28] [29] .
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The experimental observation of interface PDOS, however, remained a challenge until now.
Here, we present a combined experimental and theoretical lattice dynamics study of the strain-free Fe 3 Si/GaAs heterostructure [30] , which is a promising candidate for applications in magnetic and spintronic devices [31] [32] [33] . The Fe-partial PDOS of thin Fe 3 Si layers, obtained from nuclear inelastic scattering, reveals drastic deviations from the bulk behavior. First-principles calculations demonstrate that the observed anomalies originate from interface-specific phonon states induced by significantly reduced atomic force constants and allow for their comprehensive understanding at the microscopic level.
Fe 3 Si(001)/GaAs(001) heterostructures with Fe 3 Si layer thicknesses of 36, 8, 6 , and 3 ML (one monolayer ML is 0.28 nm) [34] referred to as S1, S2, S3, and S4, respectively, were grown via molecular beam epitaxy [35, 36] using iron enriched to 96% in 57 Fe. The samples were covered with 4 nm of amorphous Ge to prevent oxidation and to eliminate surface vibrational modes. Electron and x-ray diffraction, and transmission electron microscopy confirmed that in all samples epitaxial, strain-free, two-dimensional structures are formed [37] . Fe 3 Si[100]-projected, Fe-partial PDOS was obtained [38] by nuclear inelastic scattering [39, 40] performed at the Dynamics Beamline P01 [41] of PETRA III with an energy resolution of 0.9 meV at grazing-incidence geometry.
Figure 1(a) shows the Fe-partial PDOS of samples S1-S4. The spectrum of S1 exhibits distinct peaks at 17, 34, and 41.5 meV and overlapping modes between 21.5 and 28 meV. Upon reduction of the Fe 3 Si layer thickness all peaks become broadened and suppressed, with the effect being most pronounced in S4. In addition, the PDOS both at low and high energies, as well as around 20 and 37 meV, is gradually enhanced. The reduced PDOS (PDOS/E 2 ), plotted in Fig. 1(b) , illustrates that in all samples the low-energy part obeys the Debye law g(E) = αE 2 , where α quantifies the enhancement. The inset of Fig. 1(b) plots the value of α in samples S1-S4 normalized to that in S1 (α 0 ). It demonstrates that the number of lowenergy states is twofold augmented in S4 compared to S1. Similar behavior, namely, a threefold and almost fourfold increase of the number of phonon states below ≈10 meV, was reported for the native Fe(110) surface [42] and ultrathin Fe(110) films deposited on W(110) [43] . In these systems the phenomenon was attributed to surface-specific modes and tensile epitaxial strain. In the Ge-covered and lattice-matched Fe 3 Si/GaAs heterostructure investigated here, however, these sources of vibrational anomalies are ruled out, implying that the observed low-energy enhancement originates from interface-specific PDOS, as demonstrated below.
The experimental PDOS is composed of vibrations of Fe atoms located at different layers within the epitaxial system. In order to elucidate the contributions of atoms occupying the interface and internal layers, first-principles theory was applied using the direct method [44] implemented in the PHONON code [45] . System optimization and calculations of the Hellmann-Feynman forces were performed using the spin-polarized density functional theory with the generalizedgradient approximation [46] and the projector augmentedwave method [47] implemented in the VASP software [48] . The phonon calculations for bulk crystal were performed in a 2 × 2 × 2 supercell containing 128 atoms with periodic boundary conditions. The obtained phonon frequencies [37] are in very good agreement with the results from inelastic neutron scattering experiment [49] and earlier ab initio calculations [50, 51] .
The Fe 3 Si/GaAs interface was modeled by a multilayer consisting of 12 atomic layers (Fig. 2 ) using a √ 2a × √ 2a × c supercell with 76 atoms and periodic boundary conditions. Four types of atomic arrangements at the Fe 3 Si/GaAs interface [52] were examined: two configurations exhibiting mixed Fe-Si layers and two configurations characterized by pure Fe layers directly adjacent to the As-terminated GaAs(001) surface. A comparison of the experimental data with the theoretical results (see below) showed that the variant presented in Fig. 2 , with a mixed Fe-Si interface layer, leads to the best agreement, hence in the following only this interface atomic configuration is considered. Figure 3 summarizes the ab initio calculated layer-specific Fe-and Si-partial PDOS with polarizations along (xy) and across (z) the interface (solid lines) compared with the corresponding spectra in bulk Fe 3 Si (gray area). vibrational modes appear between 6 and 18 meV and between 20 and 25 meV [ Fig. 3(a) ], leading to a remarkable enhancement of the low-energy states compared to the bulk crystal. Although less pronounced, augmented low-energy states are also present in the z-projected PDOS [ Fig. 3 The broken translational symmetry at the Fe 3 Si/GaAs interface remarkably influences also the vibrations of the GaAs layers. Theoretical results for the PDOS of the Ga and As layers are presented in Fig. 4 . Significant deviations from the corresponding bulk spectra are observed in the PDOS of the first interface layer As1 (Fig. 2) . New vibrational modes emerge in both polarizations, while the peaks around 30 The modifications of the PDOS of the interface and adjacent layers originate from the drastically reduced force constants (see Table I ) due to the altered surroundings of the interface atoms compared to the corresponding layers in bulk material. The anomalies in the investigated heterostructure extend up to the fourth atomic layer [see Figs. 3(k) and 3(l)]. Similar effects are observed for the Ge/Fe 3 Si interface [37] , indicating that most likely this is a general trend for metal/semiconductor heterostructures.
The applied grazing-incidence scattering geometry implies that the in-plane projected PDOS is derived from the experiment [53] . The sharp peaks present in the theoretically obtained PDOS (Fig. 3) are gradually broadened (reduced phonon lifetime) and suppressed as the Fe 3 Si layer thickness is reduced [ Fig. 1(a) ]. This effect cannot be explained solely by broadening due to the experimental resolution. For instance, the dotted line in Fig. 1(a) denotes a fit of the PDOS of S1 with the bulk ab initio calculated PDOS convoluted with Gaussian function with FWHM = 1.9 meV, which is by a factor of 2 higher than the experimental resolution (0.9 meV). The additional broadening of the peaks is a characteristic feature of the PDOS of nanoscale materials that most likely originates from anharmonic interatomic potentials experienced by atoms located at irregular sites [54] . In the investigated samples, this is the case for the Fe atoms adjacent to the amorphous Ge layer and atomic defects at the epitaxial Fe 3 Si/GaAs interface. This effect can satisfactorily be described by the damped harmonic oscillator (DHO) function characterized with a quality factor Q [55] . The DHO induces energy-dependent broadening of the spectral features: The stronger the effect, the lower is the Q value. A comparison of the calculated Fe-partial PDOS convoluted with the DHO function with Q = 21 and the PDOS of sample S1 confirms the remarkable agreement between experiment and theory for bulk Fe 3 Si crystal [ Fig. 1(a) ].
The second anomalous feature in the experimental PDOS of samples S2-S4 is the gradual enhancement of the lowenergy phonon states [ Fig. 1(b) ]. To model the observed anomalies we use the function (1) with g if (E, Q if ) and g bulk (E, Q bulk ) being the ab initio calculated xy-projected PDOS of the first interface layer (Fe1) and bulk Fe 3 Si, respectively, convoluted with the DHO function with quality factors Q if and Q bulk , while A stands for the relative interface (Fe1) atomic fraction. The experimental PDOS were fitted with Eq. (1) using the least-squares method with Q bulk , Q if , and A being variable parameters. The results for S4 are Q bulk = 7, Q if = 8, and A = 0.15. Figure 1(a) demonstrates that the model reproduces remarkably well the experimental data [56] . This result implies that the interfacespecific PDOS of the Fe1 layer [blue area in Fig. 1(a) ] is responsible for the observed drastic enhancement of lowenergy states [57] . The minor deviation in the range 17-27 meV may arise from the additional modes induced by the Fe 3 Si/Ge interface that is not included in the model [58] .
For S3 the values are Q bulk = 7, Q if = 15, and A = 0.09, whereas for S2 we obtained Q bulk = 10, Q if = 15, and A = 0.06. The electron microscopy study [37] showed that in S4 two-dimensional islands with heights between 6 and 8 atomic layers are formed, implying a 1/7 (0.14) contribution of the first interface layer. In S3 and S2, the Fe 3 Si film consists of 12 and 16 atomic layers, respectively, indicating that these contributions are 1/12 (0.08) for S3 and 1/16 (0.06) for S2 from the total atomic fraction. These values are fully consistent with the relative interface atomic fractions (A) obtained by the fitting procedure. A comparison of the quality factors shows that Q bulk remains unchanged in S3 and S4, while its value increases in S2, whereas Q if is relatively low in S4 and increases in S3 and S2. This behavior is attributed to the fact that in S3 and S4 the value of Q bulk is strongly influenced by the Ge/Fe 3 Si interface. Indeed, Fe 3 Si forms two-dimensional islands in S4 and two-dimensional islands on top of a thin layer in S3 [37] . In contrast, a continuous film is formed in S2 [37] , implying a reduced Fe 3 Si/Ge interface contribution. The smaller this area, the weaker are the disorder effects arising from the crystalline/amorphous interface, and the higher is the quality factor. At the Fe 3 Si/GaAs interface, on the other hand, the GaAs substrate is completely covered in samples S2 and S3, whereas in S4 the periodicity is broken along the interface. In the latter, the amorphous Ge layer induces a certain degree of disorder at the island edges. This effect, along with the higher relative contribution of unavoidable atomic defects at the Fe 3 Si/GaAs interface, lead to a reduction of Q if compared to S2 and S3.
The modified lattice dynamics at the interface impacts the thermoelastic properties calculated from PDOS [59] , as demonstrated in Table I . The experimentally derived Fepartial values of the mean force constant F , mean square displacement x 2 , and vibrational entropy S V for S1-S4 are compared to the values obtained from g theor (E) and to the results for the Fe1 layer (Fig. 2 ) in xy and z projection. F decreases by 9% in S4 compared to S1. The softening is most distinct along the first interface layer, reaching a reduction of 58%, while across the interface it amounts to 31% from the bulk value. x 2 increases by reducing the layer thickness reaching an enhancement of 36% in S4 compared to S1. At the interface, x 2 increases by a factor of 2.2 in the xy projection and by 1.1 in the z projection. S V systematically increases by reducing the layer thickness, reaching 42% from the bulk value along the interface, whereas across the interface the effect is 15%. The very good agreement between experiment and theory confirms that first-principles theory reliably explains the observed phenomena.
In summary, we performed a systematic lattice dynamics study of the strain-free Fe 3 Si/GaAs heterostructure for Fe 3 Si layer thicknesses between 3 and 36 monolayers. The Fe-partial PDOS exhibits up to a twofold enhancement of the low-energy states compared to bulk material, as well as broadening and suppression of the peaks for layer thicknesses of 8 monolayers and below. First-principles calculations unveil that the observed anomalies at low energies originate from interface-specific phonon states. The broken translational symmetry at the interface drastically reduces the atomic force constants, with the effect being stronger along the interface. The broadening and suppression of the peaks are induced by the amorphous Ge capping layer and by defects at the Fe 3 Si/GaAs interface. By departure from the interface, the vibrational anomalies vanish and bulk lattice dynamics sets in within several atomic layers.
The presented quantitative results pave the way towards phonon nanoengineering in two-dimensional systems that will have implications on designing efficient thermoelectric heterostructures and stimulate further progress in thermal management and nanophononics.
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